A protease associated with spore coats of Bacillus cereus was extracted with 25 mMdithioerythritol plus 2 M-urea at pH 9.0 and purified by ammonium sulphate fractionation and affinity chromatography. The spore protease differed from two intracellular proteases in pH optimum, pH stability, heat stability, stability iin the presence of dithioerythritol and urea, molecular weight and in lack of reactivity with antibody to one of the intracellular proteases. The distinctive nature of the spore protease was also suggested by the fact that in a mutant with an altered intracellular protease, the properties of the spore protease remained unchanged. Inhibitor studies suggested that the spore protease was of the serine type with some similarities to trypsin. Two mutants were isolated with altered heat and pH stabilities of the spore protease; the intracellular proteases were unaltered. Spores produced by the mutants contained the same amount of coat protein per spore as the wild-type and germinated as well as the wild-type.
I N T R 0 D U C 'T I 0 N
Several intracellular and extracellular proteases appear during sporulation in various bacilli. Bacillus subtilis produces three extracellullar proteases -a metalloprotease, a serine protease and an esterase (Millet, 1969 ) -and at least one intracellular serine protease (Reysset & Millet, 1972) during sporulation. Sporulation-specific proteases of Bacillus megaterium (Chaloupka et al., 1977) , Bacillus cereus (Cheng & Aronson, 1977a) and Bacillus thuringiensis (Lecadet et al., 1977) have been characterized and there is some information about their functions. While extr(acellu1ar metalloproteases appear to be dispensable for sporulation (Michel & Millet, 1970; Aronson et al., 197 l) , the intracellular proteases are thought to be involved in a variety of functions, i.e. in protein turnover (Szulmajster & Keryer, 1975; Cheng & Aronson, 1977a; Kerjan et al., 1979) , in modification of DNA-dependent RNA polymerase (Lecadet et al., 1977) or in processing of precursors of spore coat proteins (Cheng & Aronson, 1977 6) . In B. megaterium two unique serine-type proteases associated with spores are involved in proteolysis of specific low molecular weight core proteins during germination (Setlow, 1976; Postemsky et al., 1978) .
During the early stages of germination, extensive proteolysis of spore coat proteins has not been found, although there is alteration of the B. cereus coat structure (Hashimoto & Conti, 1971) including disappearance of the pitted layer (Aronson & Fitz-James, 1976) . The coat layers of B. subtilis spores are also altered during germination with the appearance of occasional nicks (Santo & Doi, 1974) . Some proteolysis of the coat may be necessary, therefore, during germination to permit outgrowth of the cell.
P. S R I V A S T A V A A N D P. F I T Z -J A M E S
There is a precedent for the association of specific enzymes with the spore coat since Brown et al. (1977) reported a specific cortex lytic activity extractable from spores of B . cereus. In this communication we describe the isolation and purification of a protease associated with the spore coat of B . cereus and compare its properties with those of two intracellular sporulation proteases.
M E T H O D S
Cultural conditions. Bacillus cereus T was grown in G-tris medium at 30 "C as described previously (Aronson et al., 1971) . Spores were harvested after 18-20 h incubation. The spores were washed three times with 1 M-NaCI to remove surface-associated proteases (Tesone & Torriani, 1975) by suspending the spores and incubating at 4 OC for 1 h prior to centrifugation in a Sorvall refrigerated centrifuge at 12000 g for 10 min. The spores were then washed three times with distilled water, twice with 50 mM-Tris/HCl buffer, pH 7.5 and stored at 4 "C in the same buffer. The extraction of protease from spores (5-9 x lo9 spores ml-I) was carried out within 3-4 d. A similar concentration of spores was used to prepare spore coats after spore disruption with glass beads in a Braun cell homogenizer, MSK. Before extraction the spore coats were cleaned as described above for intact spores.
Mutant isolation. Two spore protease mutants, 701 and 79U, were isolated by treating B . cereus with N-methyl-N'-nitro-3-N-nitrosoguanidine (NTG) (Adelberg et al., 1965) . The cells in the mid-exponential phase of growth were centrifuged at 12 000 g for 10 min. The cells were washed twice with 50 mM-Tridmaleate buffer, pH 6.0 (prepared as 0.2 M-Tris and maleic anhydride and adjusting the pH with 0.2 M-NaOH) and suspended in the same buffer. Solid NTG was added to 100 pg ml-I and the culture was shaken gently at 30 OC for 15 min. The cells were centrifuged, washed twice with the Tridmaleate buffer, suspended in G-tris and incubated at 30 OC until spores were formed.
For screening of protease mutants, mutagenized cells were transferred to G-tris plates so that each plate contained 40-60 colonies. The cells were allowed to sporulate at 30 OC and colonies were replicated on to Whatman no. 42 filter paper discs (9 cm). The discs were transferred to glass Petri dishes that contained 1.5 ml 30 mM-Tris/HCl buffer, pH 7-8 plus 4 mM-CaC1, and 2 mM-o-phenanthroline and were heated for 20 min at 80 "C. The discs were cooled to room temperature and 1 ml of the following mixture was added to each disc: 0.8 ml 0.2 M-Tris/HCl buffer, pH 7.8, 0.2 ml N-acetyl-DL-phenylalanine P-naphthyl ester (10 mg ml-' in N,N-dimethylformamide) and I0 mg Fast Garnet GBC salt. The replicas that remained yellowish orange and did not turn dark red during 15 min incubation were further examined for defective spore protease. After two such screenings, mutants 701 and 79U were selected for further study.
Assay ofenzymes. Protease was assayed essentially by the method of Cheng & Aronson (1977b) except the assay of spore protease (SP) was carried out at pH 9.4 using 50 mM-glycine/NaOH buffer. One unit of protease activity was defined as the hydrolysis of 1 pg Azocoll min-' at 37 OC.
Esterase activity was determined with N-( p-toluenesulphony1)-L-arginine methyl ester (TAME) (Hummel, 1959) , Na-benzoyl-L-arginine ethyl ester (BAEE) (Schwert & Takenaka, 1955) and N-benzoyl-L-tyrosine ethyl ester (BTEE) as substrates. Amidase activity was assayed with Na-benzoyl-DL-arginine-p-nitroanilide (BAPNA) as substrate using the method of Enlarger et al. (196 1 ) .
Extraction and purification of spore protease. Spores were extracted with 25 mM-dithioerythritol (DTE) in 5 m~-2-(N-cyclohexylamino)ethanesulphonic acid (CHES) buffer, pH 9.5, at 37 OC for 20 min, followed by a second extraction with 2 M-urea plus 25 mM-DTE in 5 mM-CHES buffer, pH 9, at 37 "C for 1 h. The DTE and
Comparison of the properties of puriJed spore and intracellular proteases. (i) pH optima and pH stability. The pH optima of IPl, IP2 and SP were determined using two sets of buffer systems: (a) citrate/phosphate, Tris/HCI and carbonate/bicarbonate (all at 50 mM), between pH 3 and 10.6; (b) glycine/HCl, acetate, phosphate, and glycine/NaOH buffers (all at 50 mM) between pH 3 and 10.6. Each protease preparation was dissolved in various buffers in the pH range 3-10.6 and assayed with Azocoll as a substrate.
For pH stability. the above two sets of buffer systems were used. Each protease preparation was incubated in various buffers in the pH range 3-10.6 for 30 rnin at 37 "C. Then IP1 and IP2 were titrated to pH 7 . 5 and SP to pH 9 . 4 with 0.1 M-NaOH or 0.1 M-HCl and their protease activities were determined.
(ii) Heat stability. Each protease preparation, in 50 m~-Tiris/HCI. pH 7 . 5 plus 1 mM-CaCI,, was heated for 10 rnin at temperatures in the range 40-80 "C and then assayed. The heat stabilities of the proteases were also tested by incubating at 53 "C for various times up to 40 min.
(iii) Effect of DTE and urea. Each protease preparation was incubated in 50 mM-DTE or 8 M-urea or a mixture of both, for 30 min at 37 "C. Samples of 0.5 ml were withdrawn every 5 min for protease assay.
(iv) Molecular weight. The molecular weights of the proteases were determined by molecular exclusion using a 2.5 x 35 cm Sephadex G-200 column (Siege1 & Monty, 1966) and by SDS-gel electrophoresis (Laemmli & Favre, 1973) . For both procedures the following proteins were used as standards: bovine serum albumin, ovalbumin, horseradish peroxidase, chymotrypsinogen. cytochrome c and ribonuclease A.
(v) Effect of inhibitors. Patterns of inhibition were determined using PMSF (phenylmethylsulphonyl fluoride), EDTA, o-phenanthroline, TPCK (L-1 -tosylamide-2-phenylethyl chloromethyl ketone), iodoacetic acid, soybean trypsin inhibitor, ovomucoid protein and NCDC (2-nitro-4-ccirboxylphenyl-N,N-diphenylcarbamate). The protease preparations were incubated with the inhibitors at concentrations given in Table 3 for 30 rnin at 37 "C and then assayed.
(vi) Antibody assa-vs. Antibody against IP 1 was prepared by injecting the purified IP 1 intramuscularly into a Purdue Dutch rabbit once a week for 6 weeks. Prior to injection, IPI (about 100-200 pg) was emulsified with an equal volume of Freund's complete adjuvant. On the seventh week, the rabbit was bled via the marginal ear vein. The antiserum was collected the next day after centrifugation at 10000 g for 10 min. The y-globulin fraction was prepared by adding solid ammonium sulphate to 50% saturation (at 0 "C) and centrifuging at 10000 gfor 10 min. The pellet was washed twice with 50% saturated ammonium sulphate and resuspended to the original volume in 50 mM-sodium phosphate, pH 7.0. The preparation was dialysed against 1 1 of sodium phosphate buffer for 7 2 h at 4 "C with two changes of the buffer.
For immunodiffusion the plates contained 0.8 ?h (w/v) agarose in 0.1 M-sodium phosphate, pH 7.5, plus 0.1 mM-sodium azide and were incubated at 10 "C. For inactivation of enzyme activities by antibody, purified enzymes were incubated with antibody in 50 mM-Tris/HCl buffer, pH 7.5 for 30 rnin at 37 OC. Approximately equal numbers of units of the proteases were used.
Other biochemical methods. Protein contents of various fractions were determined by the Lowry method. The SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by a modified procedure of Laemmli & Favre (1973) . The method of Davis (1964) was used for dectrophoresis on 7 % (w/v) acrylamide gels under non-denaturing conditions. For protease staining on slab gels, the gel was immersed in 25 ml50 mM-Tris/HCl, pH 7.5, containing N-acetyl-DL-phenylalanine Pnaphthyl ester (prepared at 10 mg ml-' in a total volume of 4 ml in N,N-dimethylformamide) at 37 "C for 3 0 min. The gel was rinsed twice with distilled water and immersed in 25 ml Fast Garnet GBC salt (10 mg ml-' in 50 mM-Tris/HCl, pH 7.5). The protease bands appeared light brown. The contrast on the stained gel was not sufficient, however, for producing good photographs.
For germination studies spores of both the wild-type and mutants were heat-activated at 65 "C for 20 rnin and then suspended at approximately lo7 spores ml-' in 50 mM-Tris/HCl, pH 7 -8 containing L-alanine (10 mM) and inosine (0.1 mM). The decrease in turbidity was followed at 630 nm.
Source of chemicals. PMSF, TPCK, NCDC, TAME, BAEE, BTEE, BAPNA, Fast Garnet GBC salt, EDTA, N-acetyl-DL-phenylalanine P-naphthyl ester, ovomucoid protein, soybean trypsin inhibitor, bovine serum albumin, cytochrome c and horseradish peroxidase were obtained from Sigma. Iodoacetic acid was obtained from Mann Research Laboratories, o-phenanthroline from Fisher, ribonuclease and chymotrypsinogen A from Worthington, Azocoll from Calbiochem, and DTE and CBZ-phenylalanine-TETA-Sepharose 4B from Pierce Chemical Co.
R E S U L T S
Isolation of protease from spores DTE alone or DTE plus urea and SDS have been used to solubilize coat proteins from B. cereus spores without disrupting the structure or viability of the spore body (Aronson & Fitz-James, 1968) . Various concentrations of DTE or DTE plus urea at different pH values (in the range 5-10) were used to extract protease. In addition, several other reagents such as 0.1-0.5 M-acetic acid, 0.1-0.5 M-sodium pyrophosphate and 0.05-0.2 M-NaOH were tested. The best extraction in terms of the maximum yield of SP was achieved by a sequential extraction with urea (20 min) and DTE plus urea (1 h), as described in Methods. Using this method two to three times more protease could be extracted compared with the other reagents tested. The two-step extraction procedure solubilized 60-65 % of the total protease activity recoverable from spores (Table 1 ). The remaining 35-40% could be solubilized with DTE plus urea and SDS, but the subsequent recovery of the protease from this fraction was difficult due to co-precipitation of the enzyme(s) with spore coat structural proteins solubilized under these conditions. If the extractions of protease with DTE and DTE plus urea were prolonged beyond 20 min and 1 h, respectively, higher quantities of both structural proteins and protease were solubilized resulting in extensive aggregation and difficulty in further purification of SP.
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The sequential extraction procedure resulted in almost the same quantity of protease solubilized from either intact spores or spore coats (Table 1) . Only a small amount of protease activity (about 20-fold less) was detected in the core fraction of spores (fraction IV in Table 1 ).
Purification of SP
The DTE and DTE plus urea extracts were combined and a variety of techniques were tested for further purification of SP. The dialysis of extracts against 50 mM-glycine/NaOH buffer, pH 9.5 for a short time (3 h) led to precipitation of the coat proteins from which SP could not be solubilized. The extract was therefore fractionated directly with ammonium sulphate; the maximum recovery of protease activity was obtained in the precipitate formed at 0-30% saturation, although there was considerable loss of protease (Table 2 ). This fraction was dialysed against 50 mM-Tris/HCl, pH 7 . 5 containing 5 mM-CaC1,. The concentration of protein was kept at 30-40 pg mi-' during dialysis to ensure that most of the proteins remained in solution.
Fractionation of crude SP or of the 0-30% ammonium sulphate fraction using DEAE-cellulose, DEAE-Sephadex or Sephadex G-200 columns was not satisfactory due to poor recovery (10-15 %) in contrast to about an 80-90 % recovery of the 0-30% ammonium sulphate fraction after affinity chromatography ( Fig. 1 and Table 2 ). After two passages of SP through affinity columns, the active fraction could be resolved by SDS-PAGE electrophoresis into one major band (mol. wt 43000) and a minor band of high molecular weight (Fig. 2) . Only a single band stained for protease activity after electrophoresis in a 7% Fraction rio. Fig. 1 . Purification of spore protease by affinity Chromatography on carbobenzoxy-D-phenylalanyltriethylenetetramine-Sepharose. Five ml of the 0-30 % ammonium sulphate fraction (40 pg protein ml-') was applied to the column ( I x 9 cm), previously equilibrated with 50 mM-Tris/HCl buffer, pH 7-5 containing 5 mM-CaC1, and 0.1 M NaCl (starting buffer). Arrow A indicates washing of the column with starting buffer after sample application and arrow B denotes the change from starting buffer to elution buffer consisting of 50 m M sodium borate. pH 9.0 containing 5 mM-CaClz and 0.5 M-NaCI. Absorbance at 280 nm (-) . protease activity (---) .
acrylamide gel. The protease activity corresponded to a protein band which had the same electrophoretic mobility as ovalbumin (mol. wt 43 000). This result was confirmed when the gel was frozen, sliced and the slices incubated with Azocoll. These data suggest that the molecular weight of SP was 43000 and that the high molecular weight protein was a contaminant.
The IP 1 and IP2 fractions from DEAE-cellulose chromatography were further purified by two passages through affinity columns. About 70--80% of the total activity of both proteases was recovered from affinity columns with a 313-fold purification for IPl and a 42-fold purification for IP2. There were only single protein bands after electrophoresis in SDS-PAGE (Fig. 2) and single protease activity bands on 7 % acrylamide gels run under non-denaturing conditions. (1977a) have characterized a mutant (G-8) of B. cereus that has a defective IPl. The proteases SP, IP 1 and IP2 from this mutant were purified employing the procedures described for the wild-type and their properties were also compared.
Comparison of properties 'of I P l , IP2 and SP

P. S R I V A S T A V A A N D P. F I T Z -J A M E
Heat stability. Upon heating for 10 rnin at temperatures between 40 and 80 OC,IPl of the wild-type was stable up to 70 OC whereas IP1 of mutant G-8 lost 85 % of its activity at 55 OC (Fig. 3a) . In contrast, the heat stabilities of SP and IP2 from mutant G-8 and the wild-type were almost the same. At 53 OC, IP1 from mutant G-8 lost 80% of its activity in 40 min whereas IP1 of the wild-type was stable (Fig. 3 b) . SP of both wild-type and G-8 lost only 7 . 4 9-0 10.6 P H [  Fig. 4 . pH stability of IP1 and SP from the wild-type and mutant G-8 in citrate/phosphate, Tris/HCl and carbonate/bicarbonate buffer systems. The enzyrne preparations were incubated in buffers of different pH for 30 rnin at 37 "C and then each solution1 was adjusted for assay at the optimal pH. IPl was assayed at pH 7.5 and SP at pH 9.4. IPI of wild-type (O), IPI of mutant G-8 (0, SP of wild-type (A) and SP of mutant G-8 (a). The activity at pH 8-0 of each protease was considered to be 100%.
20% of their activity in 40 rnin at 53 OC. IP2 from both were relatively unstable and lost 50% of their activity in 40 min. p H optima and p H stability. In citrate/phosphate, Tris/HCl and carbonate/bicarbonate buffer systems, IP1 and IP2 of both the wild-type and mutant G-8 had pH optima of 7.8-8.6 and 8.8-9.2, respectively, whereas the pH optimum for SP was 9.2-9.6. The same optima were found in glycine/HCl, acetate, phosphate or ;glycine/NaOH buffers.
The pH stabilities of IP1, IP2 and SP were also different (Fig. 4) . IP1 of mutant G-8 was stable only in a pH range of 6-8-8.6 whereas wilcl-type IP1 was stable over a wider pH range of 6.2-9.4. In contrast, SP from both the wild-type and G-8 showed almost similar pH stabilities in the range of 5-10-6. IP2 of both the wild-type and G-8 were equally stable over the range 7.2-9-0 (not shown). Similar results were obtained with another buffer system composed of acetatelphosphate and glycine/NaO H.
Molecular weight. On the basis of the elution of protease activities from Sephadex G-200 columns (after ammonium sulphate precipitation), the molecular weight of I P 1 was 27 000, IP2 80000, and SP 21000. After purification of the proteases on affinity columns, the molecular weights estimated by the SDS-PAGE technique were IP 1 70000, IP2 80 000, and SP 43000. Heating of affinity column-purified preparations for 1 rnin in boiling water or heating of preparations in 1 % SDS with or without 1 % 2-mercaptoethanol for 1 min in boiling water resulted in partial degradation of I[P1 to a 27000 species along with several minor intermediate-sized species. However, SP rernained stable during such treatments.
EfJ'ect o f D T E and urea.
Since 50 mM-DTE plus 8 M-urea in CHES buffer at pH 9.5 is generally used to extract spore coat proteins, the effects of these compounds on the three proteases were examined. Incubation of I P 1 and 1P2 in DTE alone or DTE plus urea resulted in loss of 80-100% of their activities within 5 rnin (Fig. 5) . However, SP from both the wild-type and mutant G-8 were relatively stable in the presence of these compounds, with a 4 0 4 0 % loss of activity in 30 min. In the presence of 8 M-urea and DTE, the S P from the wild-type and mutant G-8 were more stable than IP1 and IP2, i.e. 80-100% loss in activities of IP1 and IP2 whereas only 30-50% loss of SP in 30 min.
Effect of inhibitors.
A variety of inhibitors were tested (Table 3) to help classify and distinguish the proteases. EDTA ( 5 mM) caused 50-65% inhibition of IP1, IP2 and SP. There was no restoration of the protease activities after EDTA inhibition by addition of Ca2+, Mg2+, Cu2+ or Mn2+. PMSF, an inhibitor of serine proteases, caused 70-80% inhibition of the three activities. TPCK, an inhibitor of chymotrypsin, caused 70-95% inhibition at 10 mM, suggesting that the three proteases are chymotrypsin rather than subtilisin types. 
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Table 3. Effect of inhibitors on IP1, IP2 and SP
The three purified enzyme preparations were incubated with inhibitors at 37 " C for 30 min in 50 mMTris/HCI buffer, pH 7.5 and their protease activities were determined. Another chymotrypsin inhibitor, NCDC, did not cause any inhibition of the three enzymes. Ovomucoid protein, a trypsin inhibitor, inhibited 40-80% of the IP 1 and SP activities but did not affect IP2. Apparently, limited homology exists among active sites of trypsin, IP1 and SP, as the latter two enzymes were not affected by soybean trypsin inhibitor. Further, BAPNA, a common substrate for trypsin was hydrolysed 'by the three proteases, although esterase activity with BAEE, TAME and BTEE was lacking. The three proteases were not extensively inhibited by sulphydryl protease inhibitors such as p-chloromercuribenzoate or iodoacetate.
Immunological relationship. With antibody preipared against IP 1, there were no precipitin lines with either IP2 or SP (Fig. 6) implying that no common antigenic sites were present among IP 1, IP2 and SP. When anti-IP 1 antibody 'was incubated with purified preparations of IP1, IP2 or SP at 37 "C for 30 min, IP1 lost most of its activity at a very low concentration of antibody whereas IP2 and SP were only partiailly inactivated at higher concentrations of antibody (Fig. 7) . Characterization of spore protease mutants Two mutants, 701 and 79U, with altered SP properties were isolated as described in Methods. The protease concentration per spore in the two mutants was the same as in the wild-type, i.e. 2.45 x lo-" units per spore. The two mutants also contained the same amount of extractable protein per spore as the wild-type and the patterns of the proteins on SDS-PAGE were the same. The two mutants sporulated as well as wild-type at either 30 or 37 O C . Spores of the two mutants produced at either temperature were lysozyme-resistant and germinated as well as the wild-type in the presence of L-alanine and inosine. The affinity column-purified SP of the two mutants showed altered heat stabilities compared with the wild-type (Fig. 8) . There was only a 10% loss of wild-type SP after heating at 53 O C for 15 min whereas the loss of 701 and 79U activities was 60-80% (Fig. 8 b) . Similarly, after heating at 70 "C for 10 min, loss of SP activity of the two mutants was 90-100% while that of the wild-type SP was only 55% (Fig. 8a) . The SP from the wild-type was stable over a wider range of pH (6.0-9.8) than S P of mutants 701 and 79U (pH 7.4-9-8) . In contrast, the IP1 and IP2 of mutants 701 and 79U were not altered in these properties, i.e. their heat and pH stabilities were similar to those of the corresponding wild-type preparations.
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D I S C U S S I O N
There appears to be a unique serine protease extractable from spore coats of B. cereus that is distinct from two intracellular proteases. With Azocoll as a substrate, SP accounts for the majority of protease activity present in spores of B. cereus, i.e. 85% of the total activity recovered from spores. The remaining protease activity (15 %) observed in the spore could be underestimated since Azocoll was used as a substrate (Setlow, 1976) . The isolation of protease from spore coats with DTE and urea was a difficult task because of the simultaneous extraction of rather insoluble structural proteins, rich in half-cystine residues and highly hydrophobic, that apparently aggregated with SP. By using lower concentrations of DTE (25 mM) and urea (2 M) at pH 9.0 during extraction, the solubilization of structural proteins was reduced and about 65% of the total extractable protease could be recovered. In addition, by keeping the concentration of extracted proteins low, i.e. 30-40 pg ml-l, the co-precipitation of S P with other proteins was reduced.
If the DTE and DTE plus urea extracts were applied directly to the affinity, ion-exchange or Sephadex columns, most of the protein could not be eluted. However, if the extracted proteins were first fractionated with ammonium sulphate and these proteins at low concentration (30-40 pg ml-l) were applied to an affinity column, there was a good recovery of enzyme activity. Thus, although the specific activity of protease decreased after ammonium sulphate fractionation, this step is warranted prior to further fractionation by an affinity column.
The higher molecular weights observed for affinity column-purified I P l and SP by polyacrylamide gel mobility compared with those obtained during Sephadex column purification can be interpreted as either (a) the IP1 and SP existed as 70000 and 43000 molecular weight species, respectively, and the lower molecular weight species are subunits or autodigestion products or (b) the I P l and SP were dimerized in the active form when present at high concentration. The dimerization of intracellular protease in B. subtilis (Strongin et al., 1978; Kerjan et al., 1979) and in Escherichia coli (Picaud et al., 1976) has been reported. However, under denaturing conditions, these dimers were broken to monomeric subunits. The I P 1 and SP of B. cereus remain as 70000 and 43 000 molecular weight species, respectively, under denaturing conditions on SDS-PAGE implying that these were the actual molecular weights. The partial degradation of I P l , but riot SP, on heating with SDS or SDS/ mercaptoethanol supports this interpretation. Autodigestion by a protease has recently been reported for a B. subtilis enzyme (Kerjan et al., 1979) .
A high concentration of salt has been shown to cause aggregation of extracellular proteases of B. subtilis (Boyer & Carlton, 1968) . To exclude the possibility that a high salt concentration or high pH caused dimerization of the proteases during affinity chromatography, the elution of protease was carried out with either 50 mM-NaC1 or sodium borate buffer, pH 9.0. SP and I P l were always recovered as 43000 and 70000 molecular weight species.
S P appears to be a unique enzyme and distinct from the intracellular proteases IP 1 and IP2 on the basis of several criteria. SP had a different pH optimum, pH stability, heat stability, molecular weight and stability in the presence of DTE and urea. In a mutant containing a heat-labile IP1, the properties of SP were the same as the wild-type. In addition, antibody to purified IP1 did not react extensively with either IP2 or SP.
The inhibition of the three enzymes with PMSF suggested that they are serine proteases. Inhibition by TPCK implied that they were chymotrypsin-like although another chymotrypsin inhibitor, NCDC, was not inhibitory whereas ovomucoid protein, a trypsin inhibitor, did inhibit the three enzymes. Soybean trypsin inhibitor was not inhibitory, however, suggesting a limited relatedness among SP, IP 1 , IP2 and trypsin. The similarity to trypsin was supported by the fact that BAPNA (a common substrate for trypsin) was hydrolysed by the three proteases but esterase activities with TAME and BAEE (substrates for trypsin) and BTEE (a substrate for chymotrypsin) were lacking in all three enzymes. Proteases having chymotrypsin-or trypsin-like specificities have been reported in Escherichia coli (Picaud & Richaud, 1975) and Sdmonella typhimuriurn (Heiman & Miller, 1978) .
There is little known about the role of spore coat proteins and coat-associated enzymes in germination. A 'trigger reaction' that is either metabolic in nature and requires energy (Dring & Gould, 1972; Prasad et al., 1972) , or a structural1 change in spores, probably in surface and membrane proteins (Woese et al., 1968) , has been proposed (Keynan, 1977) . The physical location of the trigger reaction is postulated to be in the inner membrane surrounding the spore protoplast (Keynan, 1977) . During germination a few rapid changes in the spore coat, such as loss of the pitted layer and thinning of undercoat (Aronson & Fitz-James, 1976; Hashimoto & Conti, 197 l) , suggest that coat proteins are affected during germination, possibly as a result of proteolysis. Two mutaints (701 and 79U) each with defective (heat-sensitive) spore protease germinated at the same rate as the wild-type. It is possible that there is more than one pathway for spore germination (Dring & Gould, 1972; Prasad et al., 1972) even in response to addition of specific germinants, and one or more may not require proteolytic activity. Alternatively, only a small amount of spore protease activity may be required for altering the coat layers subsequent to the trigger reaction, and the S P mutants 4 74
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may have sufficient residual specific protease activity for completing these steps and germinating rapidly.
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